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We demonstrate that in the interaction of a high-power laser pulse with a structured solid-density
plasma-channel, clear quantum signatures of stochastic radiation emission manifest, disclosing a
novel avenue to studying the quantized nature of photon emission. In contrast to earlier findings
we observe that the total radiated energy for very short interaction times, achieved by studying
thin plasma channel targets, is significantly larger in a quantum radiation model as compared to
a calculation including classical radiation reaction, i.e., we observe quantum anti-quenching. By
means of a detailed analytical analysis and a refined test particle model, corroborated by a full
kinetic plasma simulation, we demonstrate that this counter-intuitive behavior is due to the constant
supply of energy to the setup through the driving laser. We comment on an experimental realization
of the proposed setup, feasible at upcoming high-intensity laser facilities, since the required thin
targets can be manufactured and the driving laser pulses provided with existing technology.
Accelerated charges emit electromagnetic radiation
which naturally reduces the emitting particle’ energy
[1, 2]. Recent technological and theoretical developments
of high-power laser facilities [3, 4] brought acceleration
regimes into grasp in which the radiative energy loss of
a laser-driven electron (mass m, charge e < 0) becomes
strong enough to instantaneously affect its dynamics, an
effect labeled instantaneous radiation reaction (RR) [5].
Studies of RR are receiving ever growing attention [6–9]
with pioneering experimental tests realized [10, 11] and
further campaigns planned at current [12–18] or planned
[19, 20] laser facilities. Classically, RR is modelled as a
continuous drag on an accelerated particle, accounting
for the radiative energy loss, and was found to signifi-
cantly alter the dynamics of various laser-driven particles
[21–24]. Quantum RR, on the other hand, is interpreted
as a stochastic sequence of incoherent photon emissions,
each depleting the electron’s energy [25, 26], reducing
to the classical result for small emitted photon energies
[27]. Coherent emissions become significant only for high
particle energies [28]. Nevertheless, stochastic quantum
effects can significantly alter RR signatures as compared
to a classical model, notable in distortions of the emitting
electrons’ [29] or emitted photons’ [30] spectra.
Earlier studies of quantum RR in collisions of highly
relativistic electrons with ultra-intense laser pulses [31–
34] analyzed spectral [35–37], as well as angular signa-
tures of RR [38]. Consequently, elaborately optimized
experimental tests were proposed [39, 40] and large-scale
plasma simulations performed, including an approximate
account for stochastic QED effects [7, 8, 41, 42]. However,
as only higher-order moments of the electrons’ distribu-
tion function exhibit signatures of quantum RR [43], ef-
fects of stochasticity are challenging to discriminate. One
comparatively easily discriminable signature of stochastic
radiation, was found in the lower quantum emission for
short interaction times, since an electron emits discrete
photons only after a finite interaction time [44]. While
the required sub-cycle, ultra-intense laser pulses are thus
far unavailable, laser-driven plasma channels are also pro-
lific sources of high-energy photons [45, 46], are signifi-
cantly affected by RR [47–49], and can be manufactured
at low thickness [50], yielding the required ultra-short
interaction times. Considering that the emission of high-
energy photons clearly differs between classical and quan-
tum regimes [51, 52] such plasma-channel targets should
be ideal test grounds for quantum RR experiments.
In this work we investigate the radiation yield from a
laser-driven plasma channel and show how the charac-
teristics of this emission differ in a classical and quan-
tum electrodynamics framework. Thus we provide a
clear path towards an experimental characterization of
FIG. 1. Schematic of the studied setup of electrons driven to
emit radiation (rainbow color) by an ultra-intense laser pulse
(red-green) through a solid plasma channel target (orange).
The emission cone (blue) decreases in size continuously ac-
cording to a classical emission model (a) and stochastically
according to a discrete quantum emission model (b).
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FIG. 2. (lines) Total emitted energy εrad per unit trans-
verse length (unresolved in the simulation) for varying plasma
channel lengths x‖ for a classical (red-green) and QED (blue-
orange) emission model obtained from 2D PIC simulations
(left scale). (bars) Relative increase in emitted energy per
unit channel length (right scale).
stochastic signatures in quantum RR measurements.
The suggested setup is a simple solid target of varying
length, structured into an inner lower-density channel
surrounded by a higher-density bulk (s. Fig. 1). Hitting
this structured target with a high-intensity laser pulse
turns the inner channel into a relativistically underdense
plasma inside which the laser can propagate almost un-
perturbed [45]. During its propagation the laser acceler-
ates electrons which, in turn, emit high-energy radiation
over an interaction time which is finely tunable through
varying the channel length. According to the predictions
of quantum quenching, one should naively expect there
to be less emission predicted in a quantum analysis as
compared to a classical one. Detecting the emitted ra-
diation as function of channel length and opening angle
of the emission cone this conjecture can be tested exper-
imentally.
To test this conjecture here we ran two-dimensional
particle-in-cell (PIC) simulations of a laser linearly po-
larized along xlas, propagating along x‖ with wavelength
λ = 1µm (frequency ω = 2pic/λ) and intensity IL ≈
6× 1023 W/cm2 (peak field EL ≈ 2.3× 1013 V/cm) driv-
ing the relativistically underdense inner plasma channel
with density n = 2ncr, where ncr is the critical plasma
density [53], in a simulation box of size 70 × 24µm and
a grid size of 25 nm. We numerically collected the to-
tal energy εrad above a detection threshold εdet = 100
MeV radiated per transverse unit length, not resolved
in our simulation, into a cone of angles θ = 15◦ half-
opening angle around the laser’s propagation axis for
differing channel lengths. We find that for large chan-
nel lengths, i.e., long interaction times the emitted ra-
diation is approximately equal, as the quenching effect
vanishes, but for short interaction times, the quantum
framework predicts significantly more emission than the
classical simulation (s. Fig. 2). Furthermore, we find
the classical emission to exhibit a pronounced jump in
the relative increase of the emitted energy, quantified as
the energy difference δεrad = εradi+1 − εradi between two
adjacent data points i and i + 1, divided by the longi-
tudinal length step δx‖ = x
i+1
‖ − xi‖ and the average
energy εrad = (εradi+1 + ε
rad
i )/2. The longitudinal location
of the jump distinguishes a channel length only beyond
which the classical model predicts emission into the cho-
sen observation cone and which can be used as distinct
detection signal. This appears to be in stark contrast
to the previously observed suppression of radiation emis-
sion in the quantum framework due to quenching [54].
In order to explain this seeming contradiction a detailed
understanding of the electrons’ dynamics and their emis-
sion is required. Notably, we are going to find that the
key difference to the quenching of quantum emission in
the collision of an electron with a laser is the continuing
driving of the radiating electrons by the co-propagating
laser pulse inside the plasma channel in the present case.
In previous studies it was demonstrated by means of
3D and 2D particle-in-cell (PIC) simulations and analyt-
ical models that in laser driven plasma channels strong
currents j0 drive quasi-static magnetic fields [46, 49], that
due to ion migration electric charge separation fields are
quickly compensated [55, 56] and that the plasma’s rela-
tivistic transparency leads to a stable laser propagation
at approximately the speed of light over long distances
[46, 49]. Hence, the ensuing electron dynamics can be
well modelled by a test particle model in the combined
laser and quasi-static magnetic plasma fields. In the fol-
lowing analysis we employ units with ~ = c = 1 unless
stated otherwise. We model the channel’s current density
to be uniform and hence its magnetic field to be cylin-
drically symmetric around the channel axis and linearly
increasing with distance r from it. Its electrodynamic po-
tential can then be written as amag = |mα/e| (r/λ)2e‖,
where the dimensionless amplitude α = epiλ2j0/m char-
acterizes the channel magnetic field. Inside this channel
magnetic field, the motion of a relativistic electron with
initial energy (longitudinal momentum) ε0 (p‖,0) is con-
fined to transverse displacements smaller than the mag-
netic boundary [49] xlas ≤ xMB := λ
√
(ε0 − p‖,0)/(mα)
[49]. Since this condition confines the electron’s trans-
verse motion to smaller excursions than a laser’s typical
focal width and the laser’s phase fronts inside the chan-
nel are near-flat [49] we model the laser pulse as a plane
wave with potential alas(t,x) = |ma0/e| cos(φ + φ0)elas
with the dimensionless amplitude a0 = |eEL| /mω, φ =
ω(t − x‖), and the initial phase φ0. In accordance with
most experimental setups, we consider a laser with a
pulse duration much longer than its optical cycle, whence
we can approximate it to be monochromatic. Then, the
energy ε of an electron propagating at an angle θ ≪ 1
with respect to the channel axis, approximately changes
as [49]
dε
dt
≈ mωa0θ − κε
2a20
4
[
θ2 + θ2B
]2
, (1)
3where θB :=
√
2aMB/a0, κ = 2ω
2αQED/3m
2 ≈ 4.5 ×
10−14 with the fine structure constant αQED, aMB =
|eamag(xMB)/m| is the maximum dimensionless channel
potential experienced by the electron, and we dropped
terms O (γ−2). At a fixed energy the energy gain is
maximal at an angle θpeak, which is the real root of the
equation ε = (mω/(κa0θ
peak[θpeak
2
+ θ2B])
1/2. Using this
expression in eq. (1), we find the maximal energy gain
dεmax/dt ≈ mωa0
(
3θpeak
2 − θ2B
)
/(4θpeak), indicating
that for θ ≤ θmin := θB/
√
3 maximal energy gain is no
longer possible. We will thus consider θ & θB, in which
case eq. (1) is approximately maximal at
θpeak ≈
(
mω
κε2a0
)1/3
. (2)
For propagation at this angle eq. (1) transforms into a
separable form with the solution
ε(t) =
(
5
4
(
m4ω4a20
κ
) 1
3
(t− t0) + ε
5
3
0
) 3
5
. (3)
On the other hand, the electron’s radiative energy loss
is approximately given by the second term in eq. (1).
And since the energy ε(θ) is a monotonically decreasing
function of the propagation angle, the emitted power has
a nontrivial angular dependence which, for an electron
with initial propagation angle θ0, features a minimum at
θ∗ =
√
ε0 (2− 2 cos (θ0) + θ2B)
2ε
− θ
2
B
2
. (4)
This angle is always smaller than θpeak. As a conse-
quence we see that particles will only gain significant en-
ergy if propagating at angles larger than θ∗ and emit lit-
tle energy into smaller angles. Hence, combining eqs. (3)
and (4) we obtain θ∗(t) which constitutes a maximal an-
gle with respect to the channel axis below which there
will be only negligible emission. This prediction can now
be compared to the angular distribution of the radia-
tion obtained numerically. In doing so, however, it is
important to note that the energy increase captured in
eq. (3) drives a reduction in the emission angle θ∗, i.e.,
a closing of the emission cone, only until the electron
has reached a propagation angle θmin. Beyond that an-
gle there can be no further energy gain and we estimate
the continuing closing of the emission cone by estimating
the time it takes until the electron’s continuing emission
overcomes the detection threshold εdet = 100 MeV, set
for detection in the above PIC simulation. As we are in-
terested in scaling laws, we approximate θmin ≈ θB and
estimate the peak energy an electron can attain max-
imally by inserting θpeak = θmin into eq. (2) to find
εmax ≈ (mω/(κ2a0θ3B))1/3. An electron cannot be ac-
celerated to energies ε & εmax in the plasma channel,
as its radiative losses would overcompensate the laser’s
acceleration. In order to estimate the closing of the emis-
sion cone once the electron has reached this threshold we
insert εmax into the emitted power and compute the dif-
ference ∆t of the times required to radiate an energy
corresponding to the detection threshold into a given an-
gle θ ≤ θmin and into θmin. We then invert the resulting
expression to find the angle at which the emission thresh-
old is overcome after a given time ∆t has elapsed after
the electron reached εmax, given by
θ(∆t) = θB
√√√√√ 4εdet
a0mωθB∆t+ εdet
− 1. (5)
In contrast to these classical considerations, stochas-
tic effects of quantum radiation will alter the emission
characteristics. Replacing the expression for the emitted
power in eq. (1) by a sum over discrete photon emissions
turns the electron’s energy evolution into a stochastic dif-
ferential equation, ultimately altering its dynamics from
eq. (3). Instead of repeating this full procedure, however,
we note that a similar analysis has already shown that
in the collision of an electron bunch with a laser pulse in
vacuum, due to the emission’s quantum stochasticity, the
central light-cone momentum p− = ε− p‖ of an electron
bunch’s energy distribution is shifted with respect to its
classical value pc− according to [29, 57]
pq−(t) =
pc−(t)
1− p0,−cαΦ(t)− p20,−cβ
∫
dt′ 11−cαΦ(t′)p0,−
, (6)
with the initial light-cone momentum p0,− = ε0(1 −
cos(θ0)), Φ(t) =
∫
dt(1 − cos[θpeak(t)]) is the laser
phase of the most energetic electrons and the nu-
merical prefactors cα = −αQED/(3ω)(a0ω/m)2, cβ =
αQED/(
√
108pimω)(a0ω/m)
3 are reduced with respect to
literature values by the average of the second and third
power of a harmonic oscillation over one oscillation pe-
riod, to account for the monochromatically oscillating
electric field, assumed here. Since the transformation be-
tween light-cone momentum and energy is equivalent in a
classical and quantum analysis, respectively, we approx-
imate an electron’s maximal energy inside the plasma
channel according to the QED emission model as
εq(t) =
pq−(t)
1− cos [θpeak(t)] . (7)
Naturally, in this way, if we neglect stochastic effects in
the emission, i.e., set cα = cβ ≡ 0 in eq. (6), we re-
cover the classical energy evolution εc(t) according to
eq. (3). Since the denominator of eq. (6) is always smaller
than unity for the parameters we study, we will find
εq(t) ≥ εc(t) at all times. Hence, inserting εq(t) into the
angle thresholds eqs. (4) and (5) we expect the emission
cone to close at earlier times in the quantum emission
analysis, as compared to the classical case. This pre-
diction translates to a higher emission in the quantum
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FIG. 3. Closing of the emission cone with increasing channel
length as observed in test particle simulations with continu-
ous classical emission model (diamonds) and stochastic QED
emission (background color). Model predictions eq. (2) of
minimal emission angle for an electron as a function of its lon-
gitudinal position inside the plasma channel for the classical
(eq. (3), cyan) and QED emission model (eq. (6), magenta).
case, which is in agreement with the conclusion drawn
from the full PIC simulation (s. fig. 2). We note, how-
ever, that in this PIC simulation the emission is given
as a function of the electron’s longitudinal position in-
side the plasma channel. In order to compare the model
developed above, we derive this position as the inte-
gral over the electrons’ effective longitudinal drift veloc-
ity. The exact longitudinal drift is difficult to compute,
due to the highly nonlinear couplings in the problem.
Hence, we approximate it as the drift velocity of an elec-
tron in a plane wave laser field with average propaga-
tion angle θ with respect to the laser’s propagation di-
rection, which is given by veff‖ (θ) = cos (θ) [1− cos (θ)] +
Q2(t)/ [1− cos (θ) +Q2(t)] with Q(t) = ma0/2ε(t) [58].
The most energetic particles on average propagate along
the angle of strongest energy gain θpeak. Thus, the
longitudinal position can be approximated as x‖(t) =
ρv
∫ t
0 dt
′veff‖ (θ
peak(t′)), where we added the fitting param-
eter ρv to account for effective reductions of the drift
velocity due to the channel magnetic field.
With this connection, we test the analytical predic-
tion by running a full numerical simulation of the test
particle model’s equations of motion [49] and compare
these reduced numerics as well as the analytical model
expressed in eqs. (3) to (5) and (7) to the full PIC sim-
ulation. Furthermore, we have an experiment in mind
where the discontinuous jump in the total emitted en-
ergy, observed in the classical analysis (s. red line fig. 2)
and explained by our analysis as being due to the closing
of the emission cone, is sought as the tell-tale signature
of continuous classical emission. A potential experiment
can be conducted by consecutively increasing the length
of the laser-driven plasma channel target and measuring
the total emitted energy. The laser is modelled with a di-
mensionless amplitude a0 = 270, as used in the PIC sim-
ulation, and we model the channel magnetic field to have
a dimensionless amplitude α = pi2/5 closely resembling
the channel current observed in the PIC simulation. We
assume an electron bunch inside the plasma channel with
initial energies ε0 ∈ [80m, 120m] and a typical longitudi-
nal momentum p‖ = 20m capturing the broad range of
injection angles observed in the PIC simulation. Finally,
since the initial stages of the acceleration are involved
to model, and our model eq. (2) does not hold for large
propagation angles, we fix the initial conditions for our
analytical model such that the initial angle θ0 is given by
to the largest emission angle observed in the numerical
integration of the test particle model equations and the
initial energy ε0 of our model such that θ
peak(ε0) = θ0,
according to eq. (2). With these initial conditions we
find that in the QED model a jump in the relative en-
ergy increase δεrad/δx‖ε
rad occurs at much lower channel
lengths, i.e., the emission cone closes much faster than in
the classical model (s. fig. 3), which corresponds to higher
particle energies in the channel and hence stronger emis-
sion. Note that the color code of the classical and QED
data is plotted on the same scale, indicating that the
classical emission features a much sharper jump in the
relative energy increase, as also observed in the PIC sim-
ulation. We can now attribute this behavior to the larger
electron energies allowed when considering quenching of
quantum emission [44], effectively reducing the angle of
emission, according to eq. (2). To fix the free effective
propagation velocity of our analytical model, reduced due
to the channel magnetic field, we ran a least-χ2 error
scan, resulting in the optimal value ρv ≈ 0.3. We used
this parameter to plot the solid lines in fig. 3. We find
excellent agreement of the numerical data with the model
prediction of the minimal emission angle eqs. (4) and (5)
in the classical as well as the quantum analysis, mod-
eled by eqs. (3) and (7), respectively. We note that the
discontinuity of the classical model occurs at the point
ε(t) = εmax and corresponds very well to a discontinu-
ity in the classical data, obtained from the full numerical
integration of the test particle model’s equations of mo-
tion. Physically, this discontinuity is thus due to the fact
that at this emission angle the mechanism responsible for
closing the emission cone changes from an acceleration
5driven mechanism to an emission driven process, caused
by the fact that electrons inside the plasma channel radi-
ate more into larger angles. Naturally, this change of the
emission mechanisms implies that after the discontinuity
the relative jump in the total emitted energy is smaller
than before the discontinuity, which is also confirmed by
the jump in the classical relative energy increase being
smaller after the discontinuity (s. fig. 3). In the quantum
analysis, however, we note that due to εq(t)≫ εc(t), the
emission cone is fully closed at earlier times, whence the
discontinuity is far less pronounced. We moreover note,
that for the observation angle θ∗ = 15◦, as modelled in
the PIC simulation, our classical model predicts a chan-
nel length of x‖ ≈ 16µm required to close the emission
cone, in reasonable agreement with the full PIC simula-
tion (s. fig. 2). For the quantum emission model, on the
other hand, the emission cone for this observation angle
is closed at much smaller channel lengths, correspond-
ing to the absence of a jump in the total emitted energy
observed in the PIC simulation.
In summary, we have identified and characterized a
novel approach to studying stochastic signatures of quan-
tum radiation reaction in structured plasma channel tar-
gets. The next step will be the preparation of an exper-
imental campaign for which purpose a systematic array
of kinetic plasma simulations will have to be performed.
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